INTRODUCTION
The nerve impulse, or action potential, is a fast transient change in the membrane potential of excitable cells that can propagate along axons or muscle fibers and constitutes the bit of information that allows communication in the nervous system. During the action potential, the membrane voltage goes from its resting value of about -70 mV (negative inside) to about +30 mV in less than 1 ms and returns to its resting value in a few milliseconds. Much of what we have learned on the mechanisms of the generation and propagation of the action potential has been using the giant axon of the squid, which allowed the introduction of electrodes into its axoplasm. Thus, Cole and Curtis (1939) were able to measure impedance changes concomitant with the action potential and found that the membrane conductance increased dramatically while the membrane capacitance was essentially constant. Subsequently, Hodgkin and Katz (1949) demonstrated that external Na ions were required to initiate the action potential, suggesting that the large increase in membrane conductance during the rising phase of the action potential was selective to Na ions. The detailed studies of the mechanisms in the generation and propagation of the action potential were hampered by the nonlinear nature of the action potential and the propagation itself: the membrane potential is both function of time and distance (V(x,t)) and has an extremely nonlinear dependence on the stimulating current. It was the invention of the voltage clamp by Cole (1949) combined with the space clamp of the axon that first allowed the conductance changes to be observed under controlled conditions.
The classical series of papers by Hodgkin, Huxley and Katz and Hodgkin and Huxley culminated in the quantitative description of the axon membrane currents (Hodgkin and Huxley, 1952) . In this impressive work, Hodgkin and Huxley demonstrated that the membrane conductance is steeply voltage dependent and were able to separate a conductance that was mainly selective to sodium and another to potassium. The voltage dependence and kinetics of the conductances could explain the generation of the rising and falling phase of the action potential. The empirical description of the sodium and potassium conductances by Hodgkin and Huxley allowed them to set up a system of equations that predicts the action potential time course and all the properties of excitability such as threshold, refractory period, fluxes, etc. The propagation also was predicted by combining these equations with the cable properties of the axon. The work of Hodgkin and Huxley not only forms the basis of the classical electrophysiology that has been in use for more than 50 years, but also gave us insights on many properties of the conductances that have been verified in the same period of time.
REVIEW
When Eduardo Rojas was starting his independent career in the Laboratorio de Fisiologia Celular in the 1960s, the voltageclamp technique was well established, and he had incorporated the internal perfusion of the axon in his experimental setup, allowing him to control both the internal and external media of the axonal membrane. At that time, it was not clear whether the Na and K conductances were in the lipid bilayer or in specialized membrane proteins. He was one of the first to test the effects of proteolytic enzymes on the conductances of the axon (Rojas and Luxoro, 1963) . His discovery of the dramatic effect of pronase on the ionic currents under voltage clamp (Rojas and Atwater, 1967a) was one of the first clear indications that proteins were part of the conductance pathways. By blocking the potassium conductance, it was possible to show that the effect of pronase was to block Na inactivation exclusively (Rojas and Armstrong, 1971; Armstrong et al., 1973) , and this result was instrumental in proposing the ball and chain hypothesis of inactivation (Armstrong and Bezanilla, 1977) .
WORKING WITH GUAYO
Eduardo envisioned that the large size of the Chilean squid was a perfect preparation to study ionic currents under voltage clamp while measuring isotopic fluxes simultaneously, thus allowing the measurement of the transport number of the ions crossing the axonal membrane. In 1967, I was extremely excited and honored when Guayo admitted me in his lab to work on my doctoral thesis. He first suggested measuring chloride fluxes during voltage clamp ( 36 Cl was an isotope we could get, unlike 42 K), but we found that their contribution to the resting conductance was quite small, indicating that in the squid axon the leakage current was mainly cationic. During the time I spent in his lab, I learned from Guayo not only how to think, plan, and execute experiments but also many details of voltage clamping, isotope measurements, and above all, the importance of data analysis. Guayo even let me build my own electronics, although in some cases, he did let me know that equipment building could detract from the main purpose of my stay in his lab, which was research.
The simultaneous measurement of ionic currents and fluxes allowed us to test directly whether Na currents were carried exclusively by Na after blocking the K currents. These experiments, done in collaboration with Illani Atwater, confirmed that the transport number of Na was, indeed, very close to one (Atwater et al., 1969) and also demonstrated that by interrupting the Na current before it inactivated, the large current tail also was transported exclusively by Na (Bezanilla et al., 1970a) . The next step was to test the Na hypothesis by measuring the time course of Na flux directly during the action potential. This experiment required a sampling of the Na fluxes at different times during the action potential, which is not possible directly because the action potential only lasts a few milliseconds and the time resolution of the flux measurements is in the seconds time scale. The strategy was then to "interrupt" the action potential at different times by switching quickly to voltage clamp so we could measure fluxes at different times as the action potential developed.
The action potential interruption became a project in itself because we realized that new information could be obtained even without measuring fluxes. When the electronic switch (whose design was suggested by Clay Armstrong) is commanded to change from current-clamp to voltage-clamp mode, the measured current can be used to compute the conductance across the membrane at the moment of interruption. Therefore, by interrupting the time course of the action potential at different times, it is possible to obtain the time course of the conductance during the action potential. Furthermore, by sequentially interrupting to the Na reversal potential, the current measured will be mainly K current, and then the time course of the K conductance can be computed during the action potential. On the other hand, by sequentially interrupting to the K reversal potential, the time course of Na conductance during the action potential can be obtained (see Fig. 1 ). These experiments -done in collaboration with Bob Taylor, who provided deep insight in the planning and analysis -gave for the first time an experimental demonstration that the Na and K conductances follow closely the time course that was predicted by the Hodgkin and Huxley equations (Rojas et al., 1970; Bezanilla et al., 1970b) . The main difference of the experimental result using interruption with respect to the Hodgkin and Huxley equations was that there was less overlap of the Na and K conductance. The reason for the decreased overlap is the short delay in K conductance activation in the n 4 formulation, a problem that Hodgkin and Huxley were aware of and had mentioned explicitly in their last paper of the series (Hodgkin and Huxley, 1952) . Finally, to measure the time course of the Na flux during the action potential, we combined the action potential interruption technique with simultaneous isotopic flux experiments. The results (Atwater et al., 1970) provided a direct experimental demonstration of the sodium hypothesis of Hodgkin and Huxley.
The action potential interruption technique recently was used to study the Na and K conductances of axons from two different squid species, Loligo pealei and Loligo plei. (see Fig. 1 ). The Woods Hole squid, L. pealei, lives in colder waters than L. plei, which lives in the Caribbean.
Action potentials are generated and propagated in L. plei at temperatures as high as 40 o C while at temperatures exceeding 28 o C, the action potential in L. pealei fails. The main reason for the action potential failure is the acceleration of both conductances by the high temperature that does not allow enough time to the net inward current that depolarizes the cell before the outward K current starts repolarization. The action potential interruption experiments revealed that, although the Na conductances are the same in both species, in L. plei the K conductance is significantly reduced with respect to the conductance in L. pealei, thus giving enough time to the Na conductance to depolarize the membrane before the inward current gets cut short by the outward K current (Rosenthal and Bezanilla, 2002) .
SEPARATE PATHWAYS AND SINGLE CHANNELS
The work of Hodgkin and Huxley (1952) had many predictions and interpretations that had not yet been verified in the 1960s and 1970s. One interpretation of their results was that the Na and K conductances were separate pathways. The discovery of tetrodotoxin, TTX (Narahashi et al., 1964) showed that the Na conductance could be Figure 1 . Using the action potential interruption technique, it is possible to obtain the time course of the Na conductance (by interrupting to the K reversal potential) and the time course of the K conductance (by interrupting to the Na reversal potential). Experiment on Loligo pealei in collaboration with Josh Rosenthal. blocked, while the K conductance remained unaffected. Eduardo made this more evident by demonstrating that TTX not only blocked the inward sodium current but also the outward sodium current in the squid axon (Rojas and Atwater, 1967b) . Tetraethylammonium ion (TEA) (Tasaki and Hagiwara, 1957) was found to block the K conductance without affecting the Na current. Although these results are quite compelling in support of two separate pathways, there was still the possible explanation of a single pathway that first allows Na to go through but when the Na conductance inactivates, the Na pathway would convert into a K pathway. The results with pronase that showed that the K conductance was unaffected during inactivation removal ruled out this possibility (Armstrong et al., 1973) . Years later, a biochemical demonstration was the purification of the Na channel protein from eel electroplax (Agnew et al., 1978) and its eventual reconstitution that allowed the recording of Na currents. Hodgkin and Huxley (1952) predicted that the conduction was done by discrete units that we now call 'single channels'. The introduction of the patch-clamp technique (Neher and Sakmann, 1976; Hamill et al., 1981) confirmed that the macroscopic sodium ionic currents were produced by discrete single sodium channels (Sigworth and Neher, 1980) , and this finding was directly verified for K channels (Conti and Neher, 1980) and Na channels (Bezanilla, 1987) in the squid giant axon.
GATING CURRENTS Hodgkin and Huxley (1952) also predicted that voltage dependence required the translocation of charge across the membrane that would act as the voltage sensor of the conductance. The movement of that charge should produce a transient current. This putative current is expected to be much smaller than the ionic current through the conductance. In 1971, we undertook a first attempt at measuring these currents in Woods Hole with Clay Armstrong and Eduardo Rojas, but we were unable to see them convincingly in capacity transients recorded on film from axon bathed and perfused with impermeant ions. In 1972, we attempted the experiment again with Clay but Eduardo was not in Woods Hole at that time. To enhance the signal, we had to eliminate the large linear component of the capacity current. For this purpose, we subtracted the currents produced by pulses of opposite polarities, and we used an analog signal averager. In this fashion, we recorded the gating currents of the Na channel as a transient current that preceded the opening of the Na conductance (Armstrong and Bezanilla, 1973) . Across the Atlantic, Eduardo and Richard Keynes also detected the Na gating currents in the giant axon of the Plymouth squid (Keynes and Rojas, 1974) .
Many of the properties of the experimentally recorded Na gating currents were in agreement with the predictions from the Hodgkin and Huxley (HH) formulation except for two important differences. In the HH formulation, there are three independent voltage-sensing particles that move to the active position upon depolarization, generating the gating current, but all three are needed to open the conductance. Thus, upon repolarization it is just enough that one of the particles moves back to close the conductance, which means that the kinetics of the conductance should be three times faster than the kinetics of the gating current. This was not the case: the time constant of gating current upon repolarization was never slower than 1.7 times the time constant of the conductance decrease (Armstrong and Bezanilla, 1974) .
The other difference between the HH formulation and the experimental gating current pertains to inactivation. In the HH model, the inactivation process is independent from activation and has a separate voltage sensor. The experimentally recorded Na gating currents did not exhibit the kinetic component expected from the inactivation voltage sensor. Instead, a long depolarizing pulse that produces Na inactivation decreased the gating current, and the voltage dependence and kinetics of this decrease correlated with the voltage dependence and kinetics of the inactivation of the conductance. This charge decrease, termed charge immobilization, was in fact a change in the kinetics of the movement of the gating charge such that it became too slow to be detected. At large negative potentials, the immobilized charge could be seen moving with the kinetics of recovery from inactivation, thus confirming that the charge was immobilized by the inactivation process. These results were in agreement with previous results (Goldman and Schauf, 1972) that indicated a coupling between activation and inactivation. The detailed description of ionic currents and gating currents confirmed that activation and inactivation were coupled such that most of the voltage dependence of inactivation was the result of coupling to the voltage dependence of activation. When inactivation was removed by pronase perfused intracellularly (see above), gating currents were no longer immobilized by depolarization. This result suggested the "ball and chain" mechanism of inactivation, a molecular interpretation of inactivation whereby a tethered region of the channel protein blocks the ion conduction pathway and interacts with the gating charge to impede its movement (Bezanilla and Armstrong, 1977; Armstrong and Bezanilla, 1977) .
When the first sequence of a voltagedependent Na channel (Noda et al., 1984) and, subsequently, a voltage-dependent K channel (Tempel et al., 1987) were reported, it was a breakthrough that not only confirmed that Na and K channels were separate entities but also opened the opportunity of modifying the structure by introducing mutations and studying them in isolation, using expression systems such as the Xenopus oocyte membrane. Thus, Zagotta et al. (1990) showed that the Nterminal part of Shaker was responsible for inactivation because its deletion eliminated inactivation and the reintroduction of the peptide restored inactivation. The high density of channels expressed on the oocyte made it possible to record gating currents from Shaker K channels with very high resolution and little contamination of other non-linear currents. It was then possible to show that the "ball and chain" indeed produced charge immobilization that could be eliminated by using the channel without the N-terminal region (Bezanilla et al., 1991) . Detailed studies of K-gating currents were now possible and generated kinetic models that reproduced ionic and gating currents and gave insight on the physical mechanisms that generated voltage dependence (Bezanilla et al., 1994; Zagotta el al., 1994) . Schoppa et al. (1992) measured the total gating charge and the total number of channels and were able to compute the charge per channel that is necessary to open the conductance and found a total of 13 e 0 . It is important to note that these measurements do not give the number of charges but the total charge times the fraction of the field they traverse.
THE GATING CHARGE RESIDUES
The primary sequences of voltage-dependent channels showed a region of the protein that contained a sequence of basic residues (arginines or lysines) separated by two hydrophobic residues. This sequence was in the fourth putative transmembrane segment (S4), and there were four S4 subunits or domains per channel. It was immediately postulated that the voltage sensor resided in the S4 segment because it insinuated a simple mechanism of charge translocation across the membrane that would give origin to the gating currents. Several attempts were made to prove this point by neutralizing the charges (mutating the arginine or lysine to a non-charged amino acid) and observing the effects on the ionic currents. It was clear that neutralization of the S4 charges had high impact in the voltage dependence of the conductance but so did other mutations that did not change charged amino acids. The unequivocal way to prove that a charged amino acid contributes to the gating current is to show that upon its neutralization (point mutation) the total charge per channel is decreased. This was done by Aggarwal and MacKinnon (1996) and by Seoh et al. (1996) when they demonstrated that the first four most extracellular arginines of the S4 segment in Shaker K + channel were directly involved in the gating charge movement. In addition, a negative residue (E293) in the S2 segment also was shown to participate in the gating charge (Seoh et al., 1996) . Interestingly, the neutralization of several charged residues in Shaker decreased the gating charge by more than four elementary charges, indicating that the presence of a gating charged residue modifies the local electric field seen by the other charges.
Knowing which part of the channel molecule generates the gating current was a significant advance that began transforming our models of gating from black boxes to models based on a physical reality. However, a complete physical model of voltage activation requires a description of the actual movements that the gating charges undergo and how they interact with the electric field. This information, still incomplete, has been gathered with a multitude of biophysical and structural techniques.
CHANGES OF EXPOSURE OF THE GATING CHARGES UPON VOLTAGE CHANGES
One way to probe for movements of the charges when the field is changed is by testing their possible changes of exposure to extra and intracellular medium. The pioneer work of Horn and collaborators (Yang and Horn, 1995) showed for the first time that indeed such exposure change occurs. By mutating the sought residues to cysteine and probing them with cysteinereactive reagents from either side of the membrane, they found that the reactivity depended on the voltage applied.
Another way to probe for movement is to test for changes in accessibility of protons to the charged residues. As the arginine has a very high pK a , this test can be done by replacing the arginines by histidine one at a time. If there is a change in exposure to the intra-or extracellular solution concomitant with the conformational change induced by voltage, then in addition to the gating current changes, one also may observe a proton current under the appropriate pH gradient. In fact, it was found that the first four most extracellular charges in S4 indeed were exposed alternatively to the inside at hyperpolarized potentials and to the outside at depolarized potentials. The second, third and fourth charged residues were found to become proton transporters when substituted by histidine (Starace et al., 1997; Starace and Bezanilla, 2001 ). The first charge became a proton pore at hyperpolarized potentials (Starace and Bezanilla, 2004) , and the fourth charge became a proton pore at extreme depolarized potentials, while the fifth and sixth charges were not titrateable by protons (Starace and Bezanilla, 2001 ), as expected due to the fact that they do not participate in gating charge movement (Seoh et al., 1996) . The presence of the proton pore delineated a voltage sensor that had a very concentrated field in which the charges did not need to move a large distance. The concentrated field was experimentally inferred by changing the ionic strength (Islas and Sigworth, 2001) and measured directly using an electrochromic probe attached to specific points of the channel molecule (Asamoah et al., 2003) .
CONFORMATIONAL CHANGES DETECTED BY

FLUORESCENCE
By labeling specific sites of the channel protein with fluorescent probes, it is possible to measure local conformational changes by observing the changes in fluorescence as the channel is cycled between the closed and open state (Mannuzzu et al., 1996; Cha and Bezanilla, 1997) . Most of the changes in fluorescence have been traced to changes in quenching of the fluorophore as the molecule undergoes conformational changes (Cha and Bezanilla, 1997, 1998) . One of the most interesting results obtained with this technique was the identification of the unique function of each of the domains in the Na channel. Thus, it was demonstrated that charge immobilization induced during inactivation was associated with changes in domains III and IV but had no influence in domains I and II (Cha et al., 1999b) . This explained at the molecular level the finding that inactivation immobilized only 2/3 of the gating charge (Armstrong and Bezanilla, 1977) . The S4 of domain IV also was found to have a slower kinetics than the movement of S4 segments in domains I, II and III and also exhibited a lag, suggesting that it moves after the other three domains. In addition, the time course of the fluorescence changes in DI, DII and DIII correlated with the fast component of the Na gating current, while the kinetics of fluorescence in DIV correlated with the slow component of the gating current (Chanda and Bezanilla, 2002) . This also solved the old unanswered question of the origin of the slow component in the gating current that was postulated to be responsible for a second open state (Armstrong and Bezanilla, 1977) . The results of fluorescence kinetics are consistent with a specialized function of DIV-S4 that prepares the site for the docking of the inactivation gate and opens the possibility that this segment is not directly involved in opening the conduction pore, as suggested by Sheets and Hank (1995) . As each one of the domains can be studied separately in the Na channel, the effect of a perturbation in one domain can be studied in other domains using fluorescence (Chanda et al., 2004) . This approach has revealed that the S4 segments show positive cooperativity between domains, and this result helps in explaining why the Na channel is much faster than the K channel, a requirement to elicit an action potential.
Fluorescence resonance energy transfer (FRET) is a powerful technique that allows the estimation of distances between a donor fluorophore and acceptor molecule. Thus, by labeling the channel molecule with a donor and an acceptor, it is possible to measure the position and change in position of the labels as the channel cycles from closed to open. A variant of this technique uses terbium, which is a lanthanide that emits isotropically and with a time constant in the millisecond range (as opposed to nanonsecond for organic fluorophores). These are important advantages that give high accuracy in distance estimates, better than 10% (Selvin, 2002) . Two LRET studies of distance changes in the Shaker K channel have revealed that during depolarization the S4 undergoes very little radial movement nor translation across the membrane. In the first study (Cha et al., 1999b) , the distance between subunits was measured in the closed and open state revealing that radial changes did not exceed 3 Å. A similar study done with conventional FRET also revealed minimum radial changes (Glauner et al., 1999) . In the second LRET study (Posson et al., 2005 ) the donor was located in different positions in the channel (including S3, S3-S4 linker and S4), and the acceptor was located in a toxin that has a high affinity for the pore of Shaker. This study revealed that changes in distance did not exceed 2 Å, indicating a minimum translation of the S4 segment across the membrane.
The small translation of S4 is not consistent with the original helical screw model of activation (Catterall, 1986; Durell and Guy, 1992) nor with the most recent paddle model that translates most of the S4 segment from the intracellular to the extracellular solution (Jiang et al., 2003b) . However, the small translation of S4 was consistent with the notion that the field was concentrated and that the charged residues were in water-filled crevices penetrating the protein core (Bezanilla, 2000) .
One more FRET experiment confirmed the small translation of the S4 segment. The acceptor used was a non-fluorescent hydrophobic ion that sits in the lipid bilayer and translocates from one leaflet to the other depending on the membrane potential, very much like gating charges embedded in the bilayer. The donor was a fluorophore located in different positions of the channel (the pore and S4). The time course of the fluorescence of the donor depends on the position of the acceptor such that if both donor and acceptor translocate, the fluorescence show a transient behavior, while if the donor (in S4) does not cross the membrane, the fluorescence change is monotonic. All residues tested showed monotonic changes, confirming that the S4 segment undergoes minimal movement across the membrane (Chanda et al., 2005) .
A MODEL OF THE VOLTAGE SENSOR
The results of histidine scanning, electrochromic probes, fluorescence, FRET, and LRET give enough constraints to propose a general model of activation of a voltage-gated channel. The structural details of the molecule were obtained from the partial crystal structure of the S1-S4 of KvAP (Jiang et al., 2003a) . KvAP is a voltage-gated channel from an archebacteria that was crystallized by Jiang et al. (2003a) but showed a clearly non-native conformation. However, the same authors obtained a crystal of the voltage sensor of KvAP that was a useful starting point to build a model of the channel with all the above-mentioned results and several other biophysical constraints. One important additional constraint for the open state was a high affinity metal bridge between an engineered histidine replacing the first charge of S4 and another engineered histidine in the pore region of Shaker (Laine et al., 2003) . An important constraint of the closed state was the proton pore formed when the first charged residue is replaced by histidine. A schematic representation of the proposed model (Chanda et al., 2005 ) is shown in Figure 2 . The salient features of this model are that most of the charged groups of the arginines reside in a large and deep internally connected water crevice in the closed state and a shallower externally connected water crevice in the open state. Thus in the closed state the outermost arginine is in the concentrated electric field that, when changed, moves exerting a torque on the entire S4 segment that undergoes a change in tilt that eliminates the internal water crevice, thus moving the charges to an externally created water crevice. The change in conformation as proposed by the two structures can be used to compute the net charge movement using the PoissonBoltzmann equations (Roux, 1997), giving a total of 13 e 0 (Chanda et al., 2005) , in excellent agreement with the experimentally measured value (Schoppa et al., 1992 
